ON THE STRUCTURE OF CARBON.

by ROSALIND E. FRANKLIN

An X-ray investigation of some « amorphous »
carbons and graphites has revealed certain new fea-
tures which it is the purpose of this note to describe.

As a preliminary to the wider problems of carbon
structure and the dependence of structure on lhe
origin and treatment of the material, a detailcd gquan-
titative study of a single carbon was made, in order
to find out just how much information the diffuse
X-ray diagram could be made to yield. The mate-
rial was prepared by pyrolysis of polyvinylidene
chloride at 1.0000, and is more than 99 % carbon.
The following results were obtained.

65 9% of the carbon is in the form of highly perfect
graphite-like layers. The mean diameter of these
layers is only 16 A. O the graphite-like layers,
about 45 %, show no mutual orientation and 55 9
are grouped in parallel pairs with spacing 3,7 A, the
number of parallel-layer groups containing more
than 2-Jayers per group being very small.

The remaining 35 9, of the carhon is in a form so
disordered as to give only a gaz-like contribution to
the tolal X-ray scaltering.

Application of the Tourier transform to the very
extensive low angle scattering reveals a mean inter-
particulate distance of 25 A,

*
* K

The details of this structure are, of course, pecu-
liar to the carbon investigated, but the results sugges-
ted two properties which it might be of interest to
lavestigate in other carbons. ‘Ihe first, a very for-
tunate result, was the sharp separation observed
between the ordered and disordered parts of the
Structure. It might have been expected that in a
carbon showing such a low degree of erystallinity
there would be present all degrees of partial disorder,
but this is not so. Apart from the small, perfect,
Sraphite-like layers, only highly disordered material
8 Present. It thus seems clear that the proportion
o ordered and disordered material is an important
feature of the structure of such carbons. The other
POt of interest is the spacing, 3,7 A, observed bet-
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ween pairs of small parallel graphite-like layers, the
spacing in true graphite being 3,35 A.

Investigation of a number of other « amorphous »
carbous showed that the sharp separation between the
ordered and disordered parts is of general occurence.
All the X-ray diagrams obtained can be satisfactorily
interpreted by supposing the existence only of small,
perfect, graphite-like layers together with some
highly disordered material.

For carbons of widely different origin there is a
general relationship between the diameter of the
graphite-like layers and the proportion of amor-
phous material. This is shown in figure 1. For car-
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bons which contain ameasurable proportion of disor-
dered material the layer diameter is less than 25 A.

(The method of X-ray analysis used is directly
applicable only to carbons which are nearly pure.
This explains the absence, in figure 1, of carbons
which are more than 50 9/ disordered or in which the.
layer diameter is less than 12 A.),
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For the same carbons, the inter-layer spacing and
the mean number of layers per parallel group (as indi-
cated by the form of the (002) band) have been
measured. It is found thatfor few (less than 5)layers
per group the spacing decreases sharply as the num-
ber of layers increases.
mean value of 2-3 layers it is 3,6 A, and for carbons
having 4 to 5 layers per group it is 3,44 to 3,445 A.
With further increase in the number of layers per
group the change is small.

It will be noted that this value, 3,44 A, is still
markedly different from 3,35, the spacing in graphite.
The carbons mentioned so far are all substances which
show only 2-dimensional order. That is, the gra-
phite-like layers are grouped parallel to one another
and equidistant, but are not otherwise mutually
orientated. The X-ray diagrams of such materials
show only (0 0 1) crystalline reflections and 2-dimen-
sional (k) bands of the type described by Warren
(Phys. Rev. 59, 693, 1941). During further graphi-
tisation— induced by thermal treatment — thereis a
gradual and ‘continuous deformation of each (h k)
band tending towards the transformation of the band
into a.series of (h k1) crystalline reflections, which
are at first very diffuse but become more sharply
defined as the process proceeds. Al carbons which
show  undeformed “(h k) pands have an inter-layer

spacing nol less than 3,44 A, When deformation ol

the (7 k) bands sets in, showing the existence of some
degree of 3-dimensional order, the inter-layer spacing
again decreases.  All -carbons showing deforined
{h k) bauds or diffuse (h k [) reflections have appa-
rent inter-layer spacings intermediate between 3,44 A
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and 3,35 A, In reality it appears that fhe change in
spacing from 3,44 to 3,35 A 1s discontinuous. . When
neighbouring layers are mutually orientated as in a
graphite crystal the spacing is 3,35 A. - When' this

For 2 layers itis 3,7 &, fora
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orientation is destroyed by a random translation or
rotation of a layer in its own plane, then the spacing
is increased to 3,44 A (see fig. 2). 'The apparent
intermediate spacings observed are in reality average

values. This is shown by the figure 3. From the
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form of the deformed (hk) bands (or diffuse (b k I)
refleclions) it is possible to caleulate the proportion

‘of layers at which a translation or rotation, equiva-

lent to a break in the crystalline order, or «mistake»
oceurs (fig. 2). This caleulation -has been carried
out, and the apparent inter-layer spacing {(given by
the (002) line) measured for a number of carbons of
different origin heated to temperatures between
2.300 and 3.0000C. In Figure 3 it is seen that the
apparent inter-layer spacingis a function of the pro-
portion of « mistakes » or displaced layers in the

structure. For a mistake at each layer -— that is, int

the ahsence of any crystalline order — the spacing
3,44 A is oblained. The spacing obtained by Nelson
and Riley (Proc. Phys. Soc., 37, 477, 1945) for the
best-crystallised natural graphite available to them
i$ 3.354 A, and this value has been confirmed during
the course of the présent work,

X
k ok

Up to the present no attempt has been made 0
correlate the structural factors deseribed above with






